We describe herein an isolated working heart preparation-of guinea pigs, in which coronary perfusion pressure can be varied independently from afterload by directing left ventricular stroke volume into an artificial circulation. This preparation proved to be functionally stable, exhibited hemodynamic features characteristic of the heart in situ, and shows the phenomena of flow autoregulation, reactive hyperemia, and hypoxic and metabolic vasodilation. Myocardial oxygen consumption and coronary flow were tightly coupled when cardiac work was enhanced by either 1.5-6.0 X 1CT 9 M isoproterenol (r = 0.975) or changes of afterload (20-100 mm Hg) (r = 0.890). Isoproterenol-induced changes in adenosine release correlated with changes of coronary flow (r = 0.869) and myocardial oxygen consumption (r = 0.894). The concentrations of endogenously formed adenosine were within the vasodilatory range of exogenously applied adenosine. In contrast, afterload-induced changes in myocardial oxygen consumption were not associated with an enhanced release of adenosine, inosine, and hypoxanthine, and did not correlate with coronary resistance (r = 0.422). The specific activity in the effluent perfusate of intracoronarily infused [8-14 C]adenosine was increased with elevated afterload, suggesting that less adenosine was liberated by the heart. Our findings indicate that adenosine formed in response to /?-adrenergic stimulation is a major metabolite adjusting coronary flow to myocardial needs. Adenosine, however, does not appear to be involved in the afterload-induced changes in coronary flow when coronary perfusion pressure and, thus, oxygen supply are increased simultaneously. It is likely that formation of adenosine is not triggered by changes in MVO2 as such, but may critically depend on the oxygen supply:demand ratio. (Circ  Res 51: 263-271, 1983) 
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From the Department of Physiology, University of Munich, Munich, Germany SUMMARY. We describe herein an isolated working heart preparation-of guinea pigs, in which coronary perfusion pressure can be varied independently from afterload by directing left ventricular stroke volume into an artificial circulation. This preparation proved to be functionally stable, exhibited hemodynamic features characteristic of the heart in situ, and shows the phenomena of flow autoregulation, reactive hyperemia, and hypoxic and metabolic vasodilation. Myocardial oxygen consumption and coronary flow were tightly coupled when cardiac work was enhanced by either 1.5-6.0 X 1CT 9 M isoproterenol (r = 0.975) or changes of afterload (20-100 mm Hg) (r = 0.890). Isoproterenol-induced changes in adenosine release correlated with changes of coronary flow (r = 0.869) and myocardial oxygen consumption (r = 0.894). The concentrations of endogenously formed adenosine were within the vasodilatory range of exogenously applied adenosine. In contrast, afterload-induced changes in myocardial oxygen consumption were not associated with an enhanced release of adenosine, inosine, and hypoxanthine, and did not correlate with coronary resistance (r = 0.422). The specific activity in the effluent perfusate of intracoronarily infused [8-14 C]adenosine was increased with elevated afterload, suggesting that less adenosine was liberated by the heart. Our findings indicate that adenosine formed in response to /?-adrenergic stimulation is a major metabolite adjusting coronary flow to myocardial needs. Adenosine, however, does not appear to be involved in the afterload-induced changes in coronary flow when coronary perfusion pressure and, thus, oxygen supply are increased simultaneously. It is likely that formation of adenosine is not triggered by changes in MVO2 as such, but may critically depend on the oxygen supply:demand ratio. (Circ Res 51: [263] [264] [265] [266] [267] [268] [269] [270] [271] 1983) PREVIOUS studies have demonstrated that an enhanced production of adenosine is closely associated with changes in coronary flow during conditions of increased myocardial oxygen demand (Miller et al; McKenzie et al., 1980; Saito et al., 1980) or decreased oxygen supply (Rubio et al., 1974; Schrader and Gerlach, 1976; Schrader et al., 1977) . Whether the observed parallelism is due to a causal involvement of adenosine in flow regulation has not been definitely determined as yet. This is due mainly to the complexity of the metabolism of adenosine (Olsson and Patterson, 1976; Berne and Rubio, 1979; Schrader, 1981) and the difficulty experienced in extrapolating adequately from measurements of adenosine in cardiac tissue or coronary sinus blood to the concentration of this nucleoside in the vicinity of coronary resistance vessels (Schrader and Gerlach, 1976; Olsson et al., 1979; Schvitz et al., 1981) . Tissue content of adenosine under control conditions has been reported to be in the range of 0.9-2.0 nmole/g wet wt. in hearts of different species (Schrader and Gerlach, 1976; Foley et al., 1978; McKenzie et al., 1980; Saito et al., 1980) , and several lines of evidence indicate that this adenosine is not distributed solely in the extracellular space (Schrader and Gerlach, 1976; Schiitz et al., 1981) . Adenosinebinding proteins have recently been identified in the heart (Olsson et al., 1979; Schiitz et al:, 1981) , suggesting that a substantial fraction of adenosine may not participate actively in flow regulation. Assuming the bound adenosine not to change with functional activity of the heart then the free,-diffusible adenosine is always measured together with ai"background" of bound adenosine. Depending on the magnitude of this background, the actual increase.in free adenosine may be much higher than total tissue measurements would suggest. Conversely, small changes in free adenosine may go undetected by a high background of protein-bound adenosine. It thus appears that measurement of tissue adenosine may not be an accurate index of adenosine in the vicinity of coronary/ resistance vessels.
Once adenosine is formed and released' into the extracellular space, it is rapidly metabolized by erythrocytes (Schrader et al., 1972) and by cells lining the vascular system (Olsson et al., 1972; Wiedmeier et al., 1972) . Furthermore, plasma contains significant amounts of adenosfne deaminase which degrades adenosine to vasoinactive inosine (van Belle, 1969) . By these mechanisms, up to 80% of the extracellular adenosine is removed and/or metabolized during single passage through the heart (Olsson et al., 1972) . Thus, measurements of adenosine in the coronary venous outflow of the blood-perfused heart tend to 264 Circulation Research/Voi. 52, No. 3, March 1983 underestimate greatly the actual rate at which this nucleoside is formed.
Studies on the role of adenosine should be facilitated when using an isolated working heart preparation perfused with a saline medium. Provided the saline perfused heart can be demonstrated to be functionally adequate, the release of adenosine into the effluent perfusate should closely reflect the changes of adenosine in the interstitium and should help to define further the role of adenosine. It has already been shown that the coronary vessels of isolated hearts are very sensitive to adenosine (Schrader et al., 1977) and that adenosine is released into the coronary system at an enhanced rate when hearts were stimulated with catecholamines and histamine (Wiedmeier and Spell, 1977) or when oxygen supply was reduced (Rubio et al., 1974; Schrader and Gerlach, 1976; Schrader et al., 1977) .
An isolated working heart perparation was first described by Neely et al., (1967) , and several modifications of the original technique have been reported since (Neely et al., 1973; Biinger et al., 1979) . The working heart of rats and guinea pigs has been used successfully in the past to study the influence of defined pressure-volume work on various parameters of cardiac metabolism independent of extracardiac factors (Neely et al., 1967 (Neely et al., , 1973 Biinger et al., 1979; Morgan et al., 1980) . With respect to the proposed role of adenosine, previously reported techniques for isolated hearts do not permit the direct measurement of coronary inflow, nor the control of afterload and coronary perfusion pressure-and thus oxygen supply-independent of each other.
This report describes and characterizes a newly elaborated isolated working heart preparation in which coronary inflow can be directly measured and coronary perfusion pressure is an independent variable. With this heart preparation, the relationship between release of adenosine, coronary flow, and cardiac energy expenditure was investigated while cardiac work was augmented by /8-adrenergic stimulation or elevated afterload.
Methods
[8-14 C]Adenosine (specific activity, 51 mCi/mmol) was purchased from Amersham-Buchler. Isoproterenol was obtained from Schuchard-Merck. Plastogen H was purchased from Alfons Schmidt, and silicone rubber (RTV-ME 622 A, RTV-ME 622 B) was from Wacker Chemie GmbH. All chemicals were of analytical reagent grade.
Features of the Isolated Working Heart Preparation
The principal features of the isolated heart preparation are schematically outlined in Figure 1 . As can be seen, the coronary vessels of the isolated heart are perfused via the aorta according to the Langendorff technique (Langendorff, 1895) . In the left ventricle, a balloon closely fitting the ventricular cavity is located and connected via a steel cannula to an artificial "systemic" circulation. A small metal rod inside the balloon prevented its displacement from the left ventricle when the heart performed increased work.
The direction of the cardiac output is determined by two silicone rubber valves (I, II) and the pulsatile outflow is damped by a "Windkessel" (W) built into the afterload side. The temperature of the circulating fluid (0.9% NaCl) was maintained at 37°C by means of a brass heat exchanger (T) incorporated into the preload side. Due to the complete separation of coronary from systemic circulation, perfusion pressure can be altered independently from afterload and preload. Parameters measured directly included: (1) ventricular pressure (Statham pressure transducer P23Db) which, on differentiation, yielded dP/dt and heart rate, (2) coronary perfusion pressure (CPP) (Statham pressure transducer P 23 BB) on the level with the aortic cannula, (3) cardiac output (CO) and coronary flow (CF) by means of electromagnetic flow probes (Statham SP 7517 and IVM, K-3B) and Statham flow meters SP 2202 and M-4001 in the outflow system and aortic cannula, respectively, and (4) coronary venous P02 (catheter placed in the pulmonary artery) by means of a type E 5046 electrode connected to a PHM 72 MK 2 analyzer (Radiometer). All hemodynamic parameters were recorded on a Brush 2600 recorder.
The balloon and the valves were critical to the adequate functioning of the artificial circulation. Therefore, special techniques were developed for producing balloons of high elasticity and valves imposing only minimal resistance to flow. The balloon was made of latex material, using a wellpolished aluminum form. The dimensions of the metal form were derived from casts of the left ventricle of potassiumarrested hearts by injection of a synthetic resin (Plastogen H). The metal form was dipped once into the latex material and dried at a temperature of 60°C for 20 minutes. So that the balloon could be removed, the latex material was rubbed with talcum and then carefully unrolled from its form. The one-way valves (see inset, Fig. 1 ) were cast in a heated aluminium mold (100°C) using silicone rubber (RTV-ME 622A, RTV-ME 622B/9:1). Both valves are identical in size (i.d. 2.1 mm), which is approximately equal to the inner diameter of the guinea pig aorta. The flap was fixed to the valve ring by two very thin rubber bridges.* There was no backflow of fluid, as tested by infusion of Evans-blue into the outflow tract.
Preparation of the Isolated Working Heart
Isolated hearts from guinea pigs (380-430 g) were perfused via the aorta at a perfusion pressure of 50 mm Hg with a modified Krebs-Henseleit solution (Biinger et al., 1975) of the following composition (HIM): NaCI, 127; KC1, 4.7; MgSO 4 , 1.1; KH 2 PO 4 , 1.2; CaCl 2 , 2.5; NaHCO 3 , 25; glucose, 5.5, Na-pyruvate, 2.0. The medium was equilibrated with 95% O 2 -5% CO 2 at 37°C (pH 7.4). Perfusate did not recirculate. After an equilibration period of 20 minutes, coronary flow reached stable values of approximately 6-8 ml/min per g. Isolated hearts that did not fulfill the criteria of the given flow values, as well as a doubling of coronary flow after a 30-second period of inflow occlusion, were discarded. Thereafter, the balloon was introduced into the left ventricle through the mitral valve. For this purpose, the afterload was temporarily lowered to 20 mm Hg. If not otherwise indicated in the text, preload was held at 7.4 mm Hg (10 cm H2O), and afterload, as well as coronary perfusion pressure, were held at 50 mm Hg. When afterload was changed, coronary perfusion pressure usually was altered accordingly. The hearts immediately began to pump into * Further technical details of the construction n n be obtained from the authors. AFTERLOAD 95%0-.5%C0, FIGURE 1. Schematic illustration of the functional components of the isolated working heart preparation. Coronary arteries were perfused via the aorta with a nonrecirculating perfusion medium (Krebs-Henseieit solution equilibrated with 95% O 2-5% CO 2 ). Pressure-volume work was performed by ejecting fluid (0.9% NaCl) from a balloon, located in the left ventricle, into a separate systemic circulation containing two artificial valves (I, II). The balloon (length 11.5 mm, maximum width 7.5 mm) was connected via a steel cannuia (length 2.5 mm, i.d. 2.2 mm) with the systemic circulation. The two artificial valves were of identical size with an opening diameter of 2.1 mm (see inset). During the experiments, the heart was kept in a moist chamber at 37°C (dotted rectangle). CF = flow probe for measurement of coronary inflow; CO = flow probe for measurement of cardiac output; P = pressure transducer for measurement of intraventricular pressure and dP/dt; W = "Windlcessel"; T = brass heat exchanger.
the artificial systemic circulation and, within a few minutes, hemodynamic parameters reached a new steady state. With the exception of the long-term experiments, all studies were performed within 2 hours after pressure-volume work was imposed on the heart.
Quantification of Adenosine, Inosine, and Hypoxanthine
The analytical procedures and the material for the analysis of the different purine compounds released into the coronary effluent perfusate were the same as previously described (Schrader and Gerlach, 1976) . In brief, purine compounds were adsorbed to the active charcoal, eluted with pyridine (10%) in ethanol (50%), and then separated by thin layer chromatography. Thereafter, analysis of adenosine, inosine, and hypoxanthine was performed by the enzymatic conversion of each purine compound to uric acid using-a' dual wavelength, double-beam spectrophotometer (Perkin Elmer, model 356). Recovery of adenosine was assessed in each experiment by adding [8-14 C]adenosine (10 4 counts/min) to the perfusate collected. Reported data of adenosine, inosine, and hypoxanthine are corrected for losses (32.2 ± 6.0%, n = 94) incurred during the different steps of analysis. In experiments in which the specific activity of adenosine was determined, hearts were perfused with [8-14 C]adenosine (1.1 X 10 8 M), and after a preperfusion period of 1 minute, coronary effluent perfusate was collected for 2 minutes. The specific activity of adenosine was determined by HPLC using Cis-reverse-phase chromatography (Schrader et al., 1982) .
Calculations
Stroke work (dyn X cm X 10 3 /g) of the left ventricle was calculated to be the product of stroke volume X (afterloadpreload), corrected for the weight of the left ventricle, which was assumed to be 75.5% of the weight of both ventricles (Lefer andVerrier, 1971) . Myocardial oxygen consumption (ml/min per 100 g) was calculated according to the equation:
where CF = coronary flow (ml/min per g), P a = oxygen partial pressure of arterial perfusate (mm Hg), P v = oxygen partial pressure of venous effluent perfusate (mm Hg), c = 0.0227, representing the Bunsen solubility coefficient of oxygen dissolved in perfusate at 37°C (Zander and Euler, 1976 ) (ml 02/atm per ml fluid). Coronary vascular resistance [mm Hg/(ml per min per g)] was calculated according to: R = CPP X CF" 1 . The relative specific activity values of adenosine were calculated by relating the specific activity of adenosine in the coronary effluent to the specific activity of adenosine in the arterial inflow (Schrader and Gerlach, 1976) . Statistical analysis of the data employed the t-test for paired groups. Differences were considered to be significant only when P < 0.05. All data are expressed as the mean ± SEM.
Results

Reactivity of Coronary Vessels
As is shown in Figure 2 , an acute reduction of coronary perfusion pressure was associated with compensatory vasodilation, demonstrating the capacity of the coronary vessels of the isolated working heart to autoregulate. Occlusion of coronary inflow for 10 and 20 seconds (Fig. 2) resulted in a reactive hyperemic flow response proportional to the occlusion time. Furthermore, a reduction in oxygen content of the perfusion medium caused a sustained increase in coronary flow, while cardiac output decreased only slightly. Obviously, the increased flow compensated, to a large extent, for the decrease in oxygen content of the perfusion medium (see also Fig. 5 ). However, cardiac output rapidly declined when oxygen supply was completely interrupted for 10 and 20 seconds (Fig. 2) . It also should be noted that the left ventricular pressure tracing closely resembled that of the normal heart and that low concentrations of isoproterenol profoundly raised all hemodynamic parameters.
The results of experiments in which coronary perfusion pressure was systematically changed between 20 and 80 mm Hg are summarized in Figure 3 . Under steady-state conditions, with afterload kept constant, the pressure-flow relationship exhibits autoregulation between 40 and 70 mm Hg. For comparison, the pressure-flow curve of the isolated heart performing no pressure-volume work is also given. As can be seen, flow values are generally lower for the nonworking preparation, as would be expected for conditions of reduced oxygen consumption. 
Mechanical Performance of the Left Ventricle
From ther-data summarized in Figure 4 , it can be seen that an increase in afterload in the range between 20 and 80 mm Hg and preload, between 3.7 and 18.5 mm Hg (5-25 cm H2O) is paralleled by an increase of stroke work. Whereas myocardial oxygen consumption was markedly augmented by increases of afterload, the respective changes of MVO 2 were only slight when preload was increased. This latter finding is most likely due to the limited distensibility of the balloon positioned in the left ventricle.
Thejnfluence of coronary perfusion pressure and oxygen supply on cardiac performance is shown in Figure 5 . A reduction in perfusion pressure below 50 mm Hg was associated with a progressive decline in dP/dtmax and cardiac outputs Similar effects were observed when the percentage of oxygen in the gas phase of the perfusion medium was reduced below 50%. However, in the range between 50% and 95% oxygen in the equilibrating gas mixture, cardiac output remained constant.
The isolated working heart preparation, perfused : with saline medium, exhibited stable hemodynamio. values for 3-4 hours. After 4 hours, dP/dt max was still 1 ' 72%, and cardiac output was 90% of the initial control values (n =3). Thereafter, all variables continuously decreased-except heart rate, which remained stable for more than 6 hours.
Relationship between Oxygen Consumption, Coronary Flow, and Adenosine Release
The isolated working heart exhibited a good correlation between myocardial oxygen consumption and coronary flow (Fig. 6 ). When MVO2 was increased by intracoronary infusion of isoproterenol (0.5-6 X 10~9 M), the relationship between MVO 2 and coronary flow can be described by the equation CF = 0.733 + 0.663 MVO 2 (r = 0.982), whereas, for the afterload-induced (20-100 mm Hg) changes in MVO2, the respective relationship is CF =-2.208 + 0.955 MVO 2 (r = 0.890). There was a significant difference between the.steepness in slopes of the two experimental groups (P < 0.0005). This may be related to the experimental condition that coronary perfusion pressure was simultaneously altered when afterload was changed, while in the case of isoproterenol, perfusion pressure was always kept constant. When re-lating the afterload-induced changes in MVO2 to the calculated coronary resistance, and assuming the relationship to be linear or exponential, the correlation coefficients are r = -0.386 and r = 0.422, respectively. A similar discrepancy has also been noted in earlier experiments performed in the in vivo heart (Eckenhoff et al., 1947) .
Measurements of adenosine released into the coronary circulation of hearts stimulated with isoproterenol revealed that there was a dose-dependent increase in the rate of release (Fig. 7A, Table 1 ). As shown in Figure 7A , the release of adenosine correlated closely with both coronary flow (r = 0.869) and MVO2 (r = 0.894) in each individual experiment. Similar changes also were found in the inosine and hypoxanthine fraction (Table 1) ; however, the alterations were less pronounced. From the given values for coronary flow and release of adenosine (Table 1) , the concentrations of adenosine in the effluent perfusate were calculated to increase with isoproterenol from a control value of 1.4 X 10~8 M to 4.2 X 10" 8 and T.I X 10~7 M, respectively.
No increase in the release of adenosine was found, however, when MVO2 was altered by increasing the afterload (Fig. 7B, Table 1 ). Furthermore, no correlation existed between release of adenosine, coronary flow, and MVO2 under these experimental conditions. Release of adenosine even declined when afterload was increased from 40 to 60 mm Hg (Fig. 7B) . Similarly, the release of inosine and hypoxanthine (Table  1 ) also decreased initially, and then remained constant. Although coronary flow increased considerably with elevated afterload, the calculated changes in coronary resistance were only small (Table 1) MVOzlml-mirf 1 100g~1) FIGURE 6. Relationship between myocardial oxygen consumption and coronary flow. Closed circles represent data from experiments given in Figure 4 , in which the afterload was changed in the pressure range between 20 and 100 mm Hg. Open circles represent values obtained after infusion of isoproterenol in the concentration range of 1.5-6.0 X 10~9 M at 30, 50, and 70 mm Hg afterload and coronary perfusion pressure (preload: 7.4 mm Hg) . (0), and with 1.5 X 10~9 M (9) and 6.0 X 10~9 M (O) isoproterenol (afterload: 50 mm Hg; coronary perfusion pressure: 50 mm Hg; preload: 7.4 mm Hg) . Values given in panel B were obtained by increasing afterload and perfusion pressure from 40 (U) to 60 (A) and 80 mm Hg (O) (preload: 7.4 mm Hg) .
FIGURE 7. Relationship between adenosine release (AR), coronary flow (CF), and myocardial oxygen consumption (MVO2) after infusion of isoproterenol and following changes of afterload. Data given in panel A represent values obtained without
In an additional experimental series, afterload and coronary perfusion pressure were independently altered (Fig. 1) . Isolated hearts were perfused at constant coronary perfusion pressure (80 mm Hg), while afterload was increased from 30 to 50 and 70 mm Hg (preload 7.4 mm Hg). Under these conditions, MVO2 increased significantly from 17.9 ± 1.1 to 19.9 ± 1.0 and 21.2 ± 1.4 ml/min per 100 g (n = 7), respectively, Circulation Research/VoJ. 52, No. 3, March 1983 whereas there was no significant change in the release of adenosine, inosine, and hypoxanthine (data not shown).
In an attempt to elucidate whether a rapid reuptake of adenosine within the heart might have obscured the detection of small changes in the release of adenosine, we used the following experimental approach: Seven hearts were perfused with [8-14 C]adenosine (specific activity, 1.1 X 10 n counts/min per M, concentration 1 X 10~8 M), and the specific activities of adenosine released into the coronary effluent perfusate were determined. As will be discussed in detail, later, any changes in the specific radioactivity of adenosine can be brought about only by changes in the release of endogenously formed adenosine. Measurements, carried out under the conditions described in the table, revealed that increasing afterload and coronary perfusion pressure from 60 to 80 mm Hg increased the relative specific activity of adenosine from 0.390 ± 0.046 to 0.473 ± 0.039 (F < 0.0025), suggesting that less unlabeled adenosine was released by the heart.
Discussion
The described isolated working heart preparation offers the advantage of accurate assessment of physiological and metabolic variables in a stable preparation. Due to the complete separation of the coronary circulation from an artificial systemic circulation, the major factors influencing cardiac performance, such as coronary perfusion pressure, preload and afterload, can be controlled independently. The artificial valves developed for this preparation closely mimicked the functional characteristics of the aortic and mitral valves (Fig. 2) . Furthermore, myocardial oxygen consumption increased steeply with changes in afterload, which finding is similar to that for the isolated, metabolically supported dog heart preparation (Sarnoff et al., 1958a) . In addition, ventricular function curves generally resemble those of the heart in situ (Sarnoff et al., 1958b; Braunwald and Ross, 1964) and are Afterload and coronary perfusion pressure were kept constant at 50 mm Hg in the case of isoproterenol. When afterload was changed, coronary perfusion pressure was altered accordingly. During all experiments, preload was maintained at 7.4 mm Hg. 269 similar to those obtained with other isolated heart preparations (Neely et al., 1967 (Neely et al., , 1973 Biinger et al., 1979) . It should be noted, however, that in the present preparation, preload-induced changes in cardiac function were less pronounced, which is most likely due to the limited elasticity of the latex-balloon employed. Finally, the isolated working heart shows the phenomenon of flow autoregulation, reactive hyperemia, and hypoxic and metabolic vasodilation, which are characteristic for the heart in situ Miller et al., 1979; McKenzie et al., 1980; Saito et al., 1980) . There appear to be some practical advantages of this working heart preparation over previously reported techniques. Due to the separation of perfusion pressure from afterload, the present preparation permits one to control precisely the oxygen and substrate supply to the heart. Whereas measurement of intraventricular pressure in previous working heart preparations required that a needle be inserted through the apex (Neely et al., 1967) , the present preparation allows a direct recording of this parameter without heart muscle damage. Furthermore, the fact that it is possible to apply (radioactive) substances selectively into the coronary circulation eases uptake and pulse-labeling experiments under defined hemodynamic conditions, while contamination of the experimental system is minimized.
Although pump function and coronary hemodynamics of the isolated heart resemble in all major respects that of the heart in situ, it deviates from the in situ condition with respect to coronary venous P02 (McKenzie et al., 1980) . Venous P02 is normally kept constant within narrow limits, and changes in MVO2 are met by an increase in coronary flow. On the other hand, the isolated heart, perfused with an oxygenated saline medium (Po 2 650 mm Hg at 95% O 2 -5% CO 2 ), exhibits a venous P02 which is rather high (100-150 mm Hg). In addition, an increase in MVO2, e.g., induced by isoproterenol, not only increased coronary flow but also decreased venous Po 2 (see Table 1 ), indicating enhanced oxygen extraction. It should be recalled, however, that the capacity of the saline medium to carry oxygen is rather small, so that the observed increase in oxygen extraction with isoproterenol can be calculated to account for only 6-9% of the total increase in MVO2. Thus, the saline-perfused heart also adapts to increases in MVO2, mainly by increasing coronary flow.
Among the various metabolites which link coronary blood flow to cardiac metabolic rate, adenosine may be an important factor (Olsson and Patterson, 1976; Berne, 1980; Schrader, 1981) . Tissue content of adenosine has been demonstrated to increase during ySadrenergic stimulation that was elicited either by isoproterenol (McKenzie et al., 1980; Saito et al., 1980) or by stellate ganglion stimulation (Miller et al., 1979) . Similarly, an excellent correlation was found in the present study between release of adenosine, changes in MVO2, and coronary flow when hearts were stimulated with isoproterenol. In addition, our data permit some quantitative estimate as to the possible involve-ment of adenosine in flow regulation. When comparing coronary reactivity to exogenously applied adenosine with the measured concentration of adenosine in the effluent perfusate ( Fig. 8 ) it is evident that adenosine formed under the influence of isoproterenol reaches values which are vasodilatory. On the basis of this comparison, it appears that about 70% of the isoproterenol-induced changes in coronary resistance can be attributed solely to adenosine. The actual concentration of adenosine in the immediate vicinity of coronary resistance vessels may be even higher, since adenosine is known to be taken up rapidly and diluted, after being formed by the heart (Wiedmeier et al., 1972) . On the other hand, changes in mean coronary flow probably underestimate the actual changes in vascular tone, since heart rate and, thereby, the extravascular component of coronary resistance increase with isoproterenol. Furthermore, yS-adrenergic stimulation may influence coronary flow by a direct dilatory action via coronary /^receptors (Ross, 1976) . Thus, a precise estimate on the involvement of adenosine in flow regulation relative to other factors is difficult to determine at present. Table  1 ) are included for comparison. The measured change in coronary resistance with isoproterenol is indicated by "a," whereas " b " designates the resistance change, which can be accounted for by endogenously formed adenosine. On the basis of this comparison, "b" is about 70% of "a" for both isoproterenol concentrations (see also Discussion).
In contrast to findings with /J-adrenergic stimulation, increases in MVO 2 induced by elevated afterload were not paralleled by respective changes in the release of adenosine and its degradative products, inosine and hypoxanthine. The release of adenosine even slightly decreased when afterload was elevated from 40 to 60 and 80 mm Hg (Table 1; Fig. 7 ). This lack of correlation could be explained by the assumption that rapid reuptake of adenosine within the heart prevented its detection in the effluent perfusate. However, this possibility appears rather unlikely, since the specific radioactivity of infused adenosine actually increased when afterload was elevated. Since neither reuptake nor deamination of adenosine can influence the specific activity of this nucleoside, an increased specific activity value indicates that less adenosine was formed within the heart. These findings suggest that adenosine is not responsible for the afterloadinduced changes in coronary flow under the experimental conditions described.
It has been noted by Eckenhoff et al. (1947) that the correlation between coronary resistance and afterload-induced changes in MVO2 is only poor. .In our experiments, also, there was no significant correlation between the two variables. It is very likely that the afterload-induced increase in coronary flow was not due to metabolic factors, but was caused by the elevated coronary perfusion pressure. This is evidenced by the finding that oxygen extraction became diminished with the afterload-associated rise in driving force (see Table 1 ). Interestingly, the lack of coronary resistance to decrease significantly with afterload corresponds well with the unchanged release of adenosine in our preparation.
Tissue content and release of adenosine by the in situ heart was reported to be elevated when afterload was increased by acute aortic constriction (Foley et al., 1978; McKenzie et al., 1980) . In the intact animal, however, the situation is more complex, and is likely to include, beside cholinergic coronary vasodilation (Saito et al., 1982) , an increase in sympathetic tone. Therefore, the possibility remains to be excluded that the reported enhanced formation of adenosine in the in situ heart may be mediated in part by the secondary release of endogenous catecholamines.
Our findings clearly indicate that a similar increase in MVO 2 by isoproterenol or afterload is associated with an enhanced production of adenosine only in the case of /?-adrehergic stimulation. Obviously, adenosine production is not tightly linked to myocardial energy expenditure. One possible explanation of these findings may be that with /J-adrenergic stimulation adenosine was formed by the pathway leading from cAMP' via AMP to adenosine (Schrader and Gerlach," 1976) . Isoproterenol is known to increase the formation of cAMP, arid the rate of adenosine formation can be expected to change accordingly. On the other hand the ratio of oxygen supply to oxygen demand was greatly different in the two experimental situations. Whereas isoproterenol decreased the supply: demand ratio, which possibly resulted in some degree of tissue hypoxia,tithe~ elevated afterload in-creased this ratio. Thus, enhanced adenosine production can also be explained by assuming that adenosine functions as an error signal leading to vasodilation only when the equilibrium between oxygen supply and demand is upset. When increases in MVO 2 are met by simultaneous increases in oxygen supply (e.g., passively by elevated coronary perfusion pressure), enhanced production of adenosine does not result. Thus, the formation of adenosine by the heart may be critically dependent on the oxygen supply: demand ratio, but is not triggered by absolute value of MVO2.
